I
NDIVIDUALS WITH END-STAGE KIDney disease (ESKD) face a significantly shortened life expectancy. 1 In no group of ESKD patients is the loss of potential years of life larger than in children and adolescents. [2] [3] [4] Although transplant remains the treatment of choice to maximize survival, growth, and development, 75% of children with ESKD require treatment with dialysis prior to receiving a kidney transplant. 1, 5 Dialysis is therefore a lifesaving therapy for children with ESKD while they await transplant. Nevertheless, all-cause mortality rates in children receiving maintenance dialysis are at least 30 times higher than the general pediatric population, with even higher relative risks in very young children. 2 The 2 most common causes of death in children with ESKD are cardiovascular disease and infection. [2] [3] [4] 6, 7 There have been substantial improvements in the care of children with ESKD between 1990 and 2010. However, to our knowledge, it is not known if mortality has changed over time in the United States, particularly in recent years. 2, 6, 7 The objective of this study was to determine if all-cause, cardiovascular, and infection-related mortality rates have changed between 1990 and 2010 among children and adolescents with ESKD initially treated with dialysis and if changes in mortality rates over time differed by age at treatment initiation. Based on a study in the Australian and New Zealand pediatric ESKD popula-Results A total of 23 401 children and adolescents who initiated ESKD treatment with dialysis at younger than 21 years between 1990 and 2010 were identified. Crude mortality rates during dialysis treatment were higher among children younger than 5 years at the start of dialysis compared with those who were 5 years and older. Mortality rates for both children and adolescents being treated for ESKD with dialysis decreased significantly between 1990 and 2010. 
Conclusions and Relevance
In the United States, there was a substantial decrease in mortality rates over time among children and adolescents initiating ESKD treatment with dialysis between 1990 and 2010. Further research is needed to determine the specific factors responsible for this decrease. tion 2 and on the greater potential for improvement in younger children, we hypothesized that mortality rates have improved in the United States between 1990 and 2010 and that improvements have been greater for younger compared with older children.
METHODS

Data Source and Population
This was a retrospective cohort study of individuals recorded in the United States Renal Data System (USRDS) database who initiated ESKD treatment with dialysis for the first time at younger than 21 years of age between January 1, 1990, and December 31, 2010, and who were followed up until December 31, 2010. The USRDS includes virtually all children treated for ESKD in the United States (eMethods, available at http://www.jama.com).
1, 8 Because a comprehensive version of the death notification form came into use January 1, 1990, we chose this as the start date.
1,4
Patients with a prior kidney transplant were excluded, as were patients receiving preemptive transplant. We divided the observation interval into 4 approximately equal periods to highlight how patient characteristics, cause of death, and the amount of missing data have changed over time. 1, 8 The institutional review board at The Children's Hospital of Philadelphia approved the study.
Primary Exposure and Outcome Variables
The primary exposure was the calendar year of ESKD treatment initiation. The primary outcome was all-cause mortality. Cardiovascular and infectionrelated mortality were also considered as outcomes. Cause of death was determined from the USRDS death notification form (eMethods, TABLE 1). Deaths are reported to the USRDS via several different mechanisms, ensuring virtually complete capture. 
Association Between Year of Initiation and Mortality Rate
We calculated mortality rates (deaths per 1000 person-years of observation) for each year of initiation and plotted the data to characterize the "shape" of the relationship. Although there was year-to-year variability in mortality, overall mortality rates decreased gradually and linearly with year of initiation; there were no clear "step" changes. Therefore, initiation year was treated as a continuous variable.
We generated Kaplan-Meier curves to illustrate differences in mortality among 4 approximately equal time periods within the 1990-2010 interval. We used Cox proportional hazards models to estimate the relative mortality (hazard ratios [HRs] and 95% CIs) associated with a 5-year increment in calendar year of ESKD treatment initiation from 1990-2010. Because we were interested in examining changes in mortality over calendar time during treatment with dialysis, observation was limited to the period of dialysis prior to a first transplant. Time zero was the day of dialysis initiation, and observation was censored at first transplant, death, or end of observation. We considered the possibility of different relationships between year of initiation and mortality in different age groups by including multiplicative year ϫ age interaction terms in the models. Based on prior studies 2,4,6 and the age categories used in the USRDS annual reports, 1 age at initiation was divided into 2 categories (Ͻ5 years and Ն5 years). Proportionality of hazards was confirmed by examining plots of the data.
Although virtually all children treated for ESKD are considered eligible for transplantation, and therefore a problem with competing risks is unlikely, we performed sensitivity analyses in which the person-time of patients who were not censored because of transplant was weighted by the inverse of their probability of continuing to receive dialysis. 9 The weights were determined by fitting a logistic regression model to estimate the probability of being censored because of transplant, given a particular profile of all the other covariates in the models. Such weighting creates a pseudo population without transplant censoring such that the weighted population is no longer a biased sample. In addition, we conducted analyses in which observation was not censored at transplant; these analyses include observation during treatment with dialysis as well as with transplant.
Models were initially adjusted for age at dialysis initiation (as a continuous variable within each stratum), sex, race, socioeconomic status (SES), primary kidney disease, and initial dialysis modality. Socioeconomic status was estimated using median household income by zip code and classified by quartile within the US Census data (1999). 10 Subsequent models were also adjusted for insurance coverage and comorbidity; these variables were associated with relatively greater amounts of missing data, especially in earlier time periods, so were added sequentially to the models. In addition, reporting of both insurance coverage and comorbidity has changed over time (eTable 1). Estimated glomerular filtration rate (eGFR; estimated from height and serum creatinine level within 3 months of dialysis initiation using the updated Schwartz formula
11
) and erythrocyte-stimulating agent (ESA) use at initiation were examined but were not included in the multivariable analyses because of very large amounts of missing data.
Imputation of Missing Covariates and Missing Cause of Death
For the all-cause mortality models, missing covariate values were imputed using multiple imputation methods 12 and the joint distributions of all other variables in the models, including outcomes (eMethods). Similarly, for cardiovascular and infection-related mortality models, missing causes of death and missing covariates were imputed from the joint distributions of all other variables in the models, including nonmissing causes of death. 12 We also report analyses including only cases with nonmissing cause of death.
Data analyses were performed using SAS version 9.2 (SAS Institute) and MORTALITY RISK AMONG CHILDREN WITH END-STAGE KIDNEY DISEASE Abbreviations: CAKUT, congenital anomalies of the kidney and urinary tract; eGFR, estimated glomerular filtration rate; ESKD, end-stage kidney disease; FSGS, focal segmental glomerulosclerosis; IQR, interquartile range. a The changes in reporting of comorbidity, laboratory values, cause of death, medication use, and insurance status over time are shown in eTable 1. b Deaths were classified as cardiovascular if the cause of death was recorded as any of the following: acute myocardial infarction, pericarditis, cardiac tamponade, atherosclerotic heart disease, cardiomyopathy, cardiac arrhythmia, cardiac arrest (cause unknown), valvular heart disease, congestive heart failure, pulmonary embolus, or cerebrovascular accident including intracranial hemorrhage. Infection-related causes included septicemia, peritoneal access infection, peritonitis, viral hepatitis, viral infection, tuberculosis, AIDS, or infections of the central nervous system, heart, lungs, abdomen, and genitourinary systems.
S-plus (version 6.1); a 2-sided P value Ͻ.05 was considered statistically significant.
RESULTS
Patient Characteristics and Causes of Death
We identified 23 401 children and adolescents who initiated ESKD treatment withdialysisatyoungerthan21yearsfrom January 1990 until December 2010. Table 1 summarizes patient characteristicsandcausesofdeathbyagestratumand over time. Age at ESKD treatment initiation decreased over time among those younger than 5 years. This decrease was more marked among those initiating hemodialysis than peritoneal dialysis. Although most younger children initiated peritoneal dialysis and older patients initiated hemodialysis, there was a slight increaseintheuseofhemodialysisovertime in both age groups.
Comorbidities were uncommon but appeared to increase slightly over time, especially in younger children. Predialysis care, as measured using eGFR and ESA use at initiation, did not appear to change over time. Cardiovascular disease and infection were the most frequently documented causes of death in both age strata and in all time periods. Cardiac arrest (cause unknown) was the most common cardiovascular cause of death in both younger (53%) and older (49%) individuals receiving dialysis.
Change in Mortality Risk Over Time
All-Cause Mortality. Crude mortality rates were higher in children younger than 5 years compared with those 5 years and older at initiation (TABLE 2) . Mortality risk decreased progressively over calendar time for both those younger than 5 years and those 5 years and older at initiation. The FIGURE illustrates the survival, during dialysis treatment, of patients initiating ESKD care in 4 calendar time periods between 1990 and 2010 for each age stratum. Each 5-year increment in calendar year of dialysis initiation was associated with an adjusted HR of 0.80 (95% CI
The multivariable Cox models also permitted identification of factors independently associated with all-cause mortality (TABLE 3). Higher mortality risk was independently associated with glomerulonephritis and "other" primary renal disease (vs congenital anomalies of the kidney or urinary tract), presence of 1 or more comorbidity, and lower estimated SES in both age groups. In children younger than 5 years at initiation, younger age, unknown primary renal disease, and hemodialysis were associated with higher mortality risk. In children 5 years and older at initiation, female sex, black race (vs white), and public insurance (vs no insurance) were associated with higher mortality risk.
Cardiovascular and InfectionRelated Mortality. TABLE 4 shows crude cardiovascular and infection-related mortality rates for both age groups as well as the HRs for mortality associated with a 5-year increment in calendar year of ESKD treatment initiation. For cardiovascular mortality, each 5-year increment in calendar year of initiation of dialysis was associated with an adjusted HR of 0.54 (95% CI, 0.47-0.63) among children younger than 5 years at initiation and an HR of 0.66 (95% CI, 0.61-0.70) among those 5 
DISCUSSION
To our knowledge, this study represents the largest cohort of pediatric ESKD patients ever examined, including more than 20 000 individuals who initiated dialysis over the course of 2 decades and were followed up until the end of 2010. We demonstrate that mortality rates for children and adolescents being treated for ESKD with dialysis improved significantly between 1990 and 2010. Although gains in survival appeared slightly greater for children younger than 5 years at initiation of ESKD care, the interaction between age and year of dialysis initiation was not statistically significant. Our findings expand on the results of prior work. A study of 1634 Australian and New Zealand children (Ͻ20 years) initiating treatment for ESKD from 1963-2002 reported significantly lower mortality among those initiating dialysis after 1983 (compared with before 1983) but not after 1993 (compared with earlier years). 2 Although the sample was small, the youngest children appeared to experience the greatest improvements in survival over time. A Dutch study of 381 patients younger than 15 years at ESKD initiation found lower mortality among those starting dialysis after 1982 (vs before 1982). 7 In contrast, no significant changes in all-cause or cardiac mortality were seen between 1991 and 1996 in a USRDS study of 1454 incident dialysis patients (Ͻ20 years). 6 These prior studies all identified children younger than 5 to 6 years as having the highest risk for death. 2, 6, 7 The association observed between mortality and age in children with ESKD mirrors the association observed in the general pediatric population: mortality risk increases with decreasing age less than 5 years and increases with increasing age beyond about 10 years. 13 However, the causes of death in children with ESKD are very different from those in the general population. Whereas accidents and homicides are the most common causes of death in the general population of children and adolescents, 14, 15 cardiovascular disease and infection are the 2 leading causes of death in those with ESKD. [2] [3] [4] 7, 16 Numerous factors may have contributed to the observed reductions in mortality risk over time. Improved predialysis care, advances in dialysis technology, and greater experience of clinicians may each have played a role. [17] [18] [19] [20] We were limited in our ability to examine predialysis care by the information available in this comprehensive US ESKD registry. Large proportions of patients-particularly youngerchildrenandthoseinitiatingtreatment in earlier years-had data missing for ESA use prior to and for eGFR at initiation of dialysis. Therefore, we can only speculate on which specific factors may be responsible for the observed improvements over time in mortality. eFigure 2 highlights advances in dialysis care over time, including regulatory approval of new medications, 21 publication of clinical practice guidelines, and improved technology for performing dialysis. 17, [22] [23] [24] [25] Although most improvements occurred before 2000, it may take several years to implement new technology and guidelines, 26 and year of implementation likely varies across centers. Abbreviations: CAKUT, congenital anomalies of the kidney and urinary tract; ESKD, end-stage kidney disease; FSGS, focal segmental glomerulosclerosis; HR, hazard ratio; SES, socioeconomic status. a Adjusted for age at initiation, sex, race, primary renal disease, initial dialysis modality, SES quartile, comorbidity, and insurance status (model 3).
If there were greater improvements in all-cause mortality rates for younger compared with older children, these may be related to changes specifically targeting small children, including dialysis equipment geared to small body size and age-specific surgical techniques for placing vascular access for dialysis. 17, 27, 28 It is possible the increasing experience of clinicians treating small children, combined with the implementation of new technologies, may also have played a role.
The broader implementation of clinical practice guidelines 29 may explain some of the improvements in causespecific mortality. For example, the use of downward-facing, double-cuffed, swan neck peritoneal dialysis catheters increased from 5% (1992) (1993) (1994) (1995) to 24% (after 2002), potentially decreasing the risk of peritonitis, especially in young children. 17 Strict infection control practices may have decreased hemodialysis catheter infections. 30 Pneumococcal and influenza vaccination, which are associated with decreased mortality in adults with ESKD, 31 have been increasingly used over the past decade in children with ESKD.
1 Improvement in anemia care may have contributed to decreased cardiovascular risk. Anemia is associated with a higher risk of death in children initiating dialysis. 32, 33 It is therefore worth noting that the mean hemoglobin levels in children with ESKD increased from 9 g/dL in 1991 to more than 11 g/dL in 2007, paralleling an increase in weekly ESA dosing. 1 However, the ideal hemoglobin target for adults treated with ESAs for ESKD has yet to be established, and there have been no trials on the effect of ESA therapy on outcomes in children.
Because time receiving dialysis is so brief in children (median Ͻ2 years) compared with adults, it is important to recognize that even the dramatic improvements in mortality risk over time that we observed may not translate into major improvements in overall mortality in children with ESKD. Waiting times for transplant have fallen for older children, primarily since 2005. 34 Therefore, time of exposure to dialysis and its associated higher risk of death compared with transplant 5 have decreased. However, for individuals requiring prolonged treatment with dialysis, including infants who must grow large enough to safely receive transplants, the reductions in mortality risk that have occurred over time may have a notable effect.
The improvements observed in cardiovascular and infection-related mortality rates over time during treatment with dialysis appeared to be larger than the improvements in all-cause mortality. This suggests that mortality from other causes may have increased over calendar time. However, these results must be interpreted with caution. Substantial numbers of patients had data missing for cause of death. Some covariates were also missing in large pro- portions, particularly in earlier years. In addition, there were changes over time in reporting of both causes of death and comorbidities. We used multiple imputation to deal with missing covariates and missing causes of death. Although this method is far less likely to introduce bias than including only cases with complete data, 12 it does have limitations, which may be amplified as the proportion of patients with missing data increases. Imputation assumes that one can accurately predict the value of a variable from the other variables in the model. Where both the outcome (cause of death) and covariates are missing in the same patients, predictive capacity may be weak. The marked change in the magnitude of the HRs when comorbidity was included in the models, compared with when it was excluded, suggests either that comorbidity increased substantially over time or, more likely, that the imputation broke down on inclusion of comorbidity.
The HRs associated with some of the covariates included in our models suggest that certain children and adolescents undergoing dialysis may be at a higher risk of death than others. These HRs must be interpreted cautiously; our study was not designed to identify risk factors for death. Furthermore, the wide confidence intervals for some of these estimates suggest that power was limited. Some of the factors we identified, including black race, lower SES, and presence of comorbidity, have previously been shown to be associated with higher mortality risk. [4] [5] [6] 35 A higher independent risk of death in girls and young women, compared with boys and young men, was observed previously 5 and deserves further investigation. The lower risk of death that we observed in children younger than 5 years initiating peritoneal dialysis, compared with hemodialysis, has also been described by others.
1 It is important to recognize that we could only assess the initial dialysis modality. Up to 20% of pediatric dialysis patients switch modalities, often within the first few months of treatment. 36 Prior analyses in which dialysis modality was treated as a time-dependent variable found higher mortality rates associated with peritoneal dialysis. 2 We observed a higher risk of death in older children with public insurance compared with no insurance. This finding may simply reflect problems imputing insurance status, which was frequently missing in early years.
Our analysis has several strengths, including a large sample size and virtually complete capture of deaths. However, we acknowledge limitations. We cannot exclude the possibility that residual confounding by variables not captured in the USRDS contributed to the associations observed. 37 Changes in the reporting of some variables between 1990 and 2010 may also have limited our ability to completely adjust for all potential confounders. In particular, our ability to completely adjust for insurance coverage and comorbidities was limited by large amounts of missing data in early years. Selection bias may have played a role in the observed improvements in mortality rates over time if physicians tended to not offer dialysis to sicker patients in more recent compared with more remote years. However, the stable or increasing prevalence of comorbidities over time argues against such bias. Our ability to adjust for SES was limited by the measure used to reflect SES: median household income by zip code provides a fairly rough estimate of individual-level SES.
We also acknowledge that cardiovascular mortality rates were strongly influenced by the inclusion of the code "cardiac arrest (cause unknown)." This is a particularly problematic code because it may include arrhythmias due to hyperkalemia, embolic events, or other noncardiac conditions. Including "cardiac arrest (cause unknown)" as a cardiovascular death may result in overestimation of cardiovascular mortality rates. However, prior studies in both the United States and elsewhere reported similar cardiovascular mortality rates in the pediatric dialysis population. 2, 7 Almost all children initiating ESKD treatment are considered eligible for transplant. 2, 5 However, most will require dialysis during their lifetime, either before transplant or after allograft loss. 5 In the United States, there was a significant decrease in mortality rates over time among children and adolescents initiating ESKD treatment with dialysis between 1990 and 2010. Further research is needed to determine the specific factors responsible for this decrease.
